The energetic electron spectra formed during magnetic reconnection between two laser-produced plasma bubbles are investigated by use of two-dimensional particle-in-cell simulations. It is found that the evolution of such interaction between the two plasma bubbles can be separated into two distinct stages: the squeezing and reconnection stages. In the squeezing stage, when the two plasma bubbles expand quickly and collide with each other, the magnetic field in the inflow region is greatly enhanced. In the second stage, a thin current sheet is formed between the two plasma bubbles, and then magnetic reconnection occurs therein. During the squeezing stage, electrons are heated in the perpendicular direction by betatron acceleration due to the enhancement of the magnetic field around the plasma bubbles. Meanwhile, non-thermal electrons are generated by the Fermi mechanism when these electrons bounce between the two plasma bubbles approaching quickly and get accelerated mainly by the convective electric field associated with the plasma bubbles. During the reconnection stage, electrons get further accelerated mainly by the reconnection electric field in the vicinity of the X line. When the expanding speed of the plasma bubbles is sufficiently large, the formed electron energy spectra have a kappa distribution, where the lower energy part satisfies a Maxwellian function and the higher energy part is a power-law distribution. Moreover, the increase of the expanding speed will result in the hardening of formed power-law spectra in both the squeezing and reconnection stages.
I. INTRODUCTION
Magnetic reconnection is a fundamental process allowing topological change of magnetic field lines and rapid conversion of magnetic energy into plasma kinetic and thermal energy. It is suggested that many kinds of explosive phenomena in plasma such as solar flares, 1-2 magnetosphere substorms [3] [4] [5] and sawtooth crash in tokamaks 6, 7 are related to magnetic reconnection. The production of energetic electrons is also a significant feature of magnetic reconnection. For example, in solar flares, up to % 50 of energy release can appear as energetic electrons, 8, 9 which in general have a power-law spectrum. Electron acceleration during magnetic reconnection has been extensively studied in recent years. Electrons can be accelerated by the reconnection electric field around the X line, [10] [11] [12] [13] [14] [15] as well as in the jet front by the betatron and Fermi mechanisms. [16] [17] [18] [19] Magnetic islands have also been considered to play an important role in electron acceleration during magnetic reconnection. Electrons can get accelerated when they are trapped and reflected at the two ends of an island, 11, [20] [21] as well as at the merging region when two islands begin to coalesce, [22] [23] [24] [25] while both simulations and observations have shown that the coalescence of magnetic islands should be a common phenomenon during magnetic reconnection. [26] [27] [28] [29] Although much effort has been made to understand the process of electron acceleration during magnetic reconnection, how a power-law spectrum of energetic electrons is generated is still a mystery. 30 Recently, several experiments of magnetic reconnection in high-energy-density (HED) laser-produced plasma have been conducted at laser facilities Vulcan, [31] [32] [33] OMEGA 34, 35 and Shenguang-II. 36, 37 In these experiments, two pulses of high power laser beams are focused on a planar foil target, the target is suddenly ionized and two plasma bubbles are formed. The two plasma bubbles expand at a supersonic speed, and the toroidal magnetic field is generated around the plasma bubbles. The two plasma bubbles collide with each other and magnetic reconnection occurs at the squeezing region. Different from magnetic reconnection in a Harris current sheet, before development of the reconnection of toroidal magnetic field lines associated with the two laser-produced plasma bubbles, the magnetic field in the inflow region is greatly enhanced due to the squeezing of the two plasma bubbles, [38] [39] [40] which are expanding with a speed much higher that the Alfven speed.
Both experiments and particle-in-cell (PIC) simulations have demonstrated the production of energetic electrons during magnetic reconnection in laser-produced plasma, and usually these electrons have power-law spectrum. 37, 41 By performing two-dimensional (2-D) PIC simulations, Lu et al. 42 investigated the process of electron acceleration during magnetic reconnection in laser-produced plasma, and found that besides the reconnection electric field, Fermi and betatron mechanisms also play an important role during the expanding stage. The electrons in the magnetic ribbons are energized through betatron mechanism due to the enhancement of the magnetic field, while Fermi mechanism takes effect when electrons are trapped and bounced repeatedly between the two expanding bubbles. However, it is still in debate regarding how a power-law spectrum of energetic electrons is formed during laser-produced plasma. In this paper, with the use of 2-D PIC simulations, we investigate what the roles of the reconnection electric field, betatron and Fermi mechanisms play in the formation of the electron energy spectra during magnetic reconnection in laser-produced plasma.
This paper is organized as follow. In section 2, we describe the simulation model.
In section 3, the simulation results are presented. Finally, conclusions and discussion are given in section 4. 
II. SIMULATION MODEL
, and the centers of the two plasma bubbles are
The radius vectors from the center of each plasma bubble are defined as
There are two kinds of magnetic field geometry in our simulations: AP case (with reconnection) and P case (without reconnection). The magnetic field is initialized as the sum of two toroidal ribbons
. In AP case, the magnetic field is defined as:
Here, n L is the radius of the two bubbles, and
, so the simulation domain can contain two whole bubbles. B L is the half width of the initial magnetic ribbons. In P case, the magnetic field is
An initial out-of-plane current is added to satisfy the Ampere's Law. The initial density is
, where b n is the background density and ) 2 , 1 (
is the density of each bubble, which is defined as:
Where 0 n is the peak density of the bubbles, and we choose
expanding velocity of the plasma bubbles is (4) where 0 V is the initial expanding speed of the two plasma bubbles.
To be consistent with the plasma flow, an initial electric field 
III. SIMULATION RESULTS
Let us at first analyze the evolution of the interaction between two plasma bubbles expanding with a supersonic speed. the results in AP cases with those in P cases, the electron energy spectra at the same times in P cases as those in AP cases are also plotted in the figure. Here, when we calculate the electron spectra, only the electrons in the ribbons of plasma bubbles
) are included. The reason for this is that during magnetic reconnection experiment in laser-driven plasma the background plasma is usually negligible and the plasma in the center of plasma bubbles is not involved in magnetic reconnection. Also, when an electron leaves the boundary of simulation domain, its energy will be kept unchanged during the calculation of electron energy spectra. In both AP and P cases, we can find that the formed electron energy spectra satisfy the kappa distribution when the expanding speed is sufficiently large. In the lower energy part, the electron energy spectra satisfy the Maxwellian distribution, where the temperature increases with the increase of the expanding speed; in the higher energy part, the electron energy spectra satisfy the power-law distribution, which becomes harder and harder with the increase of the expanding speed. The electron energy spectra in the squeezing stage of AP cases are similar to those at the corresponding times of P cases. In AP cases, the indices of power-law distribution in the higher energy are 7.3, 6.9 and 5.5 for 0 s V c  4, 5 and 6, respectively, while they are 8.2, 6.2 and 5.9 in P cases. It means that at the squeezing stage of AP cases the mechanism of electron acceleration is similar to that in P cases. Electrons can be further accelerated at the reconnection stage of AP cases with the increase of energetic electron flux, and the electron energy spectra are harder than those at the corresponding times of P cases.
In AP cases, the indices of power-law distribution in higher energy are 5. Therefore, we can conclude that at the squeezing stage of AP cases, the increase of electron temperature is caused by the betatron mechanism, where magnetic momentum is a constant. At the same time, we also find that the increase of electron temperature in P cases is also caused by the betatron mechanism. There are essential differences between AP and P cases. In P cases, the electrons only suffer the Fermi acceleration. In AP case, the energy of most these electrons at i t   0.6 is lower than 
IV. CONCLUSIONS AND DISCUSSION
In this paper, we investigated the evolution of electron energy spectra during magnetic reconnection in laser-produced plasma by use of 2-D PIC simulations. The interaction between the two plasma bubbles expanding with supersonic speed can be divided into the squeezing and reconnection stages. During the squeezing stage, the magnetic field in the inflow region is enhanced due to the collision between the two plasma bubbles, and electrons in the magnetic ribbons around the plasma bubbles are heated by the betatron mechanism to form the thermal part of electron energy spectra.
At the same time, part of electrons are trapped and bounce between the two approaching plasma bubbles, and get accelerated mainly by the convective electric field associated with the plasma bubbles, which means that the non-thermal part of electron energy spectra is produced due to Fermi mechanism. When the expanding speed of plasma bubbles is sufficiently large, the non-thermal electrons form power-law spectra. In the late reconnection stage, electrons can be further accelerated mainly by the reconnection electric field in the diffusion region. Different from Totorica et al. 41 , where the reconnection electric field is considered to the main mechanism to produce energetic electrons, we find that Fermi mechanism, as well as the reconnection electric field, plays an important role, espically in the squeezing stage.
Magnetic reconnection experiments in laser-produced plasma have been recently conducted, and energetic electrons are measured in these experiments. 37 These energetic electrons can reach MeVs with a power-law spectrum, and the index is measured to be about 6.5. Here, in this paper, our 2-D PIC simulations show that, when the expanding speed of plasma bubbles is sufficiently large, the formed energy spectra of non-thermal electrons have a power-law distribution, which are accelerated in the squeezing and reconnection stages mainly by the Fermi mechanism and reconnection electric field, respectively. The index the power-law spectrum is around 5.7 to 6.0 ( the expanding speed of the plasma bubbles 0 3-6 s V c  ), which is consistent with the experimental observations. 37 Our results also imply that the production of energetic electrons with a power-law distribution cannot be considered as a signature of magnetic reconnection between two expanding plasma bubbles with a high speed, because such energetic electrons with a power-law distribution can also be generated from the process of strong squeezing between two plasma bubbles only. 6 . The spectra at left column corresponding to those in AP cases, while the right column corresponding to those in P cases. The black lines represent the initial spectra, the blue lines are the spectra when the maximum of upstream magnetic field reaches its peak in AP cases, and the red lines are the spectra when the flux of non-thermal electrons reaches its peak in AP cases. The blue dotted and red lines corresponds to the Maxwellian distributions fitted from the blue and red lines, respectively.
Figure. 4 The relation between the perpendicular temperature of electrons and the average enhancement of magnetic field at the ribbon of the plasma bubbles in AP case at the times when the maximum of upstream magnetic field reaches its peak. From left to right, the five diamond refer to the cases where 
